Resolution of 90 nm was achieved with a research microscope simply by replacing the standard bright-field condenser with a homebuilt illumination system with a cardioid annular condenser. Diffraction gratings with 100 nm width lines as well as less than 100 nm size features of different-shaped objects were clearly visible on a calibrated microscope test slide. The resolution increase results from a known narrower diffraction pattern in coherent illumination for the annular aperture compared with the circular aperture. This explanation is supported by an excellent accord of calculated and measured diffraction patterns for a 50 nm radius disk.
Resolution of 90 nm was achieved with a research microscope simply by replacing the standard bright-field condenser with a homebuilt illumination system with a cardioid annular condenser. Diffraction gratings with 100 nm width lines as well as less than 100 nm size features of different-shaped objects were clearly visible on a calibrated microscope test slide. The resolution increase results from a known narrower diffraction pattern in coherent illumination for the annular aperture compared with the circular aperture. This explanation is supported by an excellent accord of calculated and measured diffraction patterns for a 50 nm radius disk. © Recent progress in high-resolution optical microscopy (reviewed in Refs. 1 and 2) has been boosted by the demands of cellular biology and nanoscience. In fluorescence microscopy image resolution of a few tens of nanometers was demonstrated. 3, 4 However, in transmission and reflection microscopy with visible light illumination, even for modern confocal instruments the reported lateral image resolution does not surpass 180 nm. 1, 2, 5 In this Letter we report 90 nm resolution in the images obtained using an optical illumination system with a high-aperture cardioid annular condenser (annular A-condenser). The system produces a highly oblique hollow cone of light (N.A. =1.2-1.4). Coupled with a high-aperture microscope objective with an iris, the system provides two different regimes of illumination (Fig. 1) . When the iris is closed so that no direct light enters the objective after passing through the object, only refracted, scattered, or diffracted light goes in the objective (Fig. 1a , darkfield illumination). If the iris is open in such a way as to allow the direct entrance of light into the objective, the front lens of the objective is illuminated by the annular light produced by the empty cone of light entering the objective (Fig. 1b , bright-field illumination). The cardioid condenser 6 is an integral part of the illumination system, so the system comprises collimation lenses and a first surface mirror that focus light onto the annular entrance slit of the condenser. As part of the illumination system, the condenser is prealigned, and therefore additional alignment is unnecessary. The illumination system is positioned in an Olympus BX51 microscope by replacing a regular bright-field condenser (circular C-condenser). The illumination system is connected with a light source (EXFO120, Photonic Solution) by a liquid light guide. The objective used for this work is an infinitycorrected objective HCX PL APO 100ϫ / 1.40-0.70, oil, iris from Leica. The image is magnified with a zoom intermediate lens (2 ϫ -U-CA, Olympus), a homebuilt 40ϫ relay lens, and captured by a Peltiercooled camera (AxioCam HRc, Zeiss) and a Dimension 8200 Dell computer. The microscope is placed on a vibration-isolation platform (manufactured by TMS). Bright-field images were obtained by replacing the illumination system with an Olympus bright-field condenser (N.A. 1.4/ 0.9) and connecting the EXFO120 light source with the rear microscope light port by an Olympus X-Cite120 adaptor. All images were made using Richardson test slides. 7 The geometrical patterns that were chosen for imaging include vertical grating arrays that provide a series of lines of 100 nm width at a 200 nm period, vertical/ horizontal resolution bar sets, a star pattern, different-shaped patterns, and solid circles. Patterns of Richardson slides were tested with a JEOL 7000F field emission scanning electron microscope. Scales were calibrated by a NIST traceable master system (Hewlett-Packard Dynamic Calibrator Model HP5529A). Figure 2 shows high-resolution images obtained from the Richardson slide high-resolution patterns. The practical resolution estimated from the images is 0 /5.
To understand the enhanced resolving power, we present the diffraction theory of optical image results for both the cases of C-and A-illumination systems (C-circular, A-annular). For simplicity, the calculations are performed for the axial symmetry case of an opaque disk of radius r = 50 nm when the image is given by compact integrals that are easy to evaluate. In addition, the small object's size compared with the light wavelength used, 0 = 546 nm, ensures totally coherent illumination conditions. Experimentally, we measured images of a 50 nm radius disk (chromium film circle on a glass Richardson slide) for different microscope objective N.A. in the range 0.7-1.4. As we show, the theory is in excellent accord with the experiment and thus clearly reveals the mechanism of improved resolution.
The light amplitude U 1 ͑x 1 , y 1 ͒ in the image formed by a coherent optical system can be written as the convolution of the input in object's plane U 0 ͑x 0 , y 0 ͒ and the point spread function (PSF) P͑x , y͒ (Chap. 9 of Ref. 
to the dark-field regime and is considered separately below). Omitting the derivation (to be published in the future), from Eq. (1), we get the image of the circular hole of radius r on the opaque screen:
Here 1 is the radius in the image plane, N is numerical aperture, J 0 ͑x͒ and J 1 ͑x͒ are the Bessel functions, and k 0 =2 / 0 , where 0 is the light wavelength in vacuum. This result was derived for ⑀ = 0 (Ccondenser) by Martin (Chap. 6 of Ref. 9) and Hopkins, 10 and we generalize it here for the A-condenser in bright-field mode ͑0 Ͻ ⑀ ഛ 1͒. We computed the integral in Eq. (2) 
Here U is the amplitude without any object, which in our case is constant because of the small size of the disk, r = 50 nm. In the experiment we measure the in-
Next we briefly consider the dark-field regime (Fig.  1a) . For our A-condenser this occurs when the iris diaphragm reduces the entrance N.A. to Ͻ1.2. To describe the light wave scattered by the chromium disk, we follow the directions of Mie theory for diffraction by a conducting sphere (Chap. 14 of Ref. 8) . For the sphere's radius r Ͻ 0 , the scattering diagram u 0 ͑͒ is strongly anisotropic with the maxima along the incident light beam = 0, where is the scattering angle. We model it as
shown in Fig. 3a . Equation (4) was integrated in close form (not shown) over all radial directions in the hollow cone of incident light. The resulting light distribution in the entrance aperture for m values of 2, 6, and 12 is shown in Fig. 3b . Remarkably, it is an annular-type pattern with the minimum in the center and an increase of light concentration on the pe- riphery as m increases. Further, the PSF was calculated and the image in dark-field regime was evaluated using Eq. (1). The theory's details will be published elsewhere. Now we compare the theory with experiment. In the bright field the calculation does not involve any fitting parameters because all the values in Eq. (2) are known and listed in the text above. Figures 4(a) and 4(b) demonstrate an excellent agreement between theory and experiment for both the C-and the A-condensers. In particular, for the A-condenser the theory describes accurately the shape of the central minima as well as the position and height of the first diffraction ring (Fig. 4a) . In the dark field the theory is also in perfect accord with the experiment, as shown in Figs. 4(c) and 4(d) . The fittings define the only unknown parameter in Eq. (4) as m =6.
It is interesting to consider the results in Fig. 4 from the point of view of the Rayleigh criterion that predicts R = 0.61͑ 0 / N͒ = 238 nm. As is known, R is the radius of the first dark ring in the Airy pattern for an isotropic lighting point source and a circular entrance aperture. Experimentally, for the C-condenser the radius is 260 nm (Fig. 4b) , slightly above R = 238 nm as expected because of the finite size r = 50 nm of the imaged disk. Remarkably, for the A-condenser the observed radius of 165 nm (Fig. 4a) is ͑238/ 165͒ = 1.44 times smaller than R. Indeed, this is not a surprise but is consistent with known narrowing of the central spot in diffraction pattern when the entrance aperture is annular (Chap. 8 of Ref. 8) because the A-condenser in the bright-field regime illuminates only the peripheral ring on the entrance pupil. Similar but smaller narrowing is observed in the dark-field images in Fig. 4 , where the measured radii of darkness are 270 nm at N = 1.1 and 420 nm at N = 0.7, 1.1, and 1.15 times less than the Rayleigh criterion values, respectively. Again, this results from an annularlike distribution of scattered light over the entrance pupil, as shown in Fig. 3b .
The practical resolution with the annular A-condenser in the bright field that is demonstrated in Fig. 2 is better than 0 / 5. This surpasses by 2.2 times the Rayleigh criterion R = 0 / 2.3 for the N.A. that was used, 1.4. The presented theory explains the enhanced image resolution as having two reasons. First, the PSF is narrower for an annular A-condenser. Second, for the A-condenser the diffraction fringes of the PSF are strong (Fig. 4a) and subsequently change the phase by . Hence PSF convolution with the object's shape in Eq. (1) smears the image edges less; the effect appears only for coherent illumination.
In conclusion, we have reported 0 / 5, or better than 90 nm, resolution in imaging with a standard research transmission optical microscope modified only by using a homebuilt illumination system with a cardioid annular condenser. This resolving power is achieved in visual observation or CCD camera recording without any image postprocessing. In addition to the reported data, we observed high resolution in real-time imaging of live cells. Our calculations show that enhanced resolution is in complete accord with the classical diffraction theory of imaging systems and results from high-aperture coherent annular illumination.
